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IntroductionIntroduction

�� NATA 1996NATA 1996
–– Ambient concentrations: ASPEN model and 1996 Ambient concentrations: ASPEN model and 1996 

emission inventory dataemission inventory data
–– Inhalation exposure: HAPEM4 model and results from Inhalation exposure: HAPEM4 model and results from 

ASPEN modelASPEN model
–– Risk assessment in US for 33 Risk assessment in US for 33 HAPsHAPs

�� IssuesIssues
–– Performance of modelsPerformance of models
–– Unknown uncertainties associated w/ model predictions Unknown uncertainties associated w/ model predictions 

and risk estimatesand risk estimates
–– Temporal variability in modeled dataTemporal variability in modeled data

�� Six pilot cities for air toxics measurementsSix pilot cities for air toxics measurements



ObjectivesObjectives

�� Characterize ambient air toxics concentrationsCharacterize ambient air toxics concentrations
�� Evaluate spatial and temporal variability of Evaluate spatial and temporal variability of 

ambient air toxicsambient air toxics



Study DesignStudy Design
�� Neighborhood to urban scaleNeighborhood to urban scale
�� Located in distinctly different subLocated in distinctly different sub--regions regions 

within the urban area to evaluate spatial within the urban area to evaluate spatial 
variabilityvariability

�� Sited to assess mobile, industrial, wood Sited to assess mobile, industrial, wood 
smoke & area sourcessmoke & area sources

�� Sampled for VOCs, Carbonyls & Sampled for VOCs, Carbonyls & 
speciatedspeciated PMPM

�� 24 hour integrated samples every 624 hour integrated samples every 6thth dayday



Study Design Study Design –– Contd.Contd.

Year 2000
HAP sampling site period
VOCs BH, GT Jan-Dec
Metals (PM2.5) BH, GT BH: Feb-Dec

GT: May-Dec

Year 2001
HAP sampling site period
VOCs BH, GT,

LF, LS, ML, ST
BH, GT: Jan-
Others: Feb-

metal (PM2.5) BH, GT Jan-
metal (TSP) LF, LS, ML, ST Feb-

Mar 2001 ~ Feb 2002Mar 2001 ~ Feb 2002: 6 sites, all metals and VOCs for 1 year
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Measured Hazardous Air Measured Hazardous Air 
Pollutants (Pollutants (HAPsHAPs))

�� VOCsVOCs
–– BenzeneBenzene
–– 1,31,3--butadienebutadiene
–– Carbon tetrachlorideCarbon tetrachloride
–– ChloroformChloroform
–– DichloromethaneDichloromethane
–– 1,21,2--dichloropropanedichloropropane
–– TetrachloroethyleneTetrachloroethylene
–– TrichloroethyleneTrichloroethylene
–– Vinyl chlorideVinyl chloride

�� CarbonylsCarbonyls
–– AcetaldehydeAcetaldehyde
–– FormaldehydeFormaldehyde

�� MetalsMetals
–– ArsenicArsenic
–– BerylliumBeryllium
–– CadmiumCadmium
–– ChromiumChromium
–– LeadLead
–– ManganeseManganese
–– NickelNickel



Analytical methodsAnalytical methods

HAP Sampling method Analytical method Sites
Carbonyls Sep-Pak cartridge HPLC-UV All sites
VOCs Canister GC FID/ECD All sites
Metals (PM2.5) Teflon filter XRF BH, GT

Metals (TSP) Quartz filter ICP-MS LF, LS, ML, ST



Summary of dataSummary of data



Concentration of MetalsConcentration of Metals
(summary statistics across 6 sites)(summary statistics across 6 sites)

Name of HAP N Mean Median Std Dev 5th Ptcl 25th Pctl 75th Pctl 95th Pctl
Manganese 326 6.373 4.673 6.600 1.060 2.825 7.250 16.575

Lead 327 4.726 3.486 4.430 1.283 2.460 5.370 11.655
Nickel 324 1.773 1.168 2.886 0.280 0.678 1.945 4.665

Chromium 324 1.448 0.953 1.780 0.240 0.569 1.652 4.335
Arsenic 328 1.061 0.729 1.002 0.100 0.427 1.409 2.920
Cadmium 327 0.309 0.100 0.603 0.030 0.050 0.199 1.673

Beryllium 234 0.003 0.001 0.004 0.000 0.000 0.004 0.011

Analysis Variable : conc (ng/m3)



Concentration of MetalsConcentration of Metals



Concentration of MetalsConcentration of Metals



Concentration of MetalsConcentration of Metals



Concentration of MetalsConcentration of Metals



Concentration of Concentration of VOCsVOCs
(summary statistics across 6 sites)(summary statistics across 6 sites)

Name of HAP N Mean Median Std Dev 5th Ptcl 25th Pctl 75th Pctl 95th Pctl
Dichloromethane 352 1753.0 1733.2 507.8 985.2 1411.9 2015.6 2681.0
Formaldehyde 348 1315.1 1228.2 772.3 307.1 736.9 1719.5 2824.9

Acetaldehyde 351 1250.7 1081.2 683.4 540.6 901.0 1441.6 2342.7
Benzene 354 1239.7 1081.5 764.1 464.9 707.0 1520.7 2675.7

Carbon_Tetrachloride 351 622.5 630.8 93.1 472.5 562.0 673.1 766.2
Tetrachloroethylene 351 207.7 133.4 240.7 33.9 74.6 236.0 664.7

Trichloroethylene 350 205.7 156.2 233.6 43.0 89.0 235.5 543.2
Chloroform 351 157.2 113.6 116.5 53.7 77.2 214.8 356.4

Butadiene 354 95.1 66.4 107.1 22.1 42.0 108.4 280.6

Analysis Variable : conc (ng/m3)



Concentration of VOCsConcentration of VOCs



Concentration of Concentration of VOCsVOCs



Concentration of Concentration of VOCsVOCs



Concentration of Concentration of VOCsVOCs



Concentration of Concentration of VOCsVOCs



Quality ControlQuality Control

�� Limit of detectionLimit of detection

ICP-MS XRF XRF/ ICP-MS
ng/m3 ng/m3

Arsenic 0.05 0.99 21.5
Cadmium 0.03 4.21 145.2
Chromium 0.49 0.63 1.3
Lead 0.35 2.20 6.3
Manganese 0.33 0.92 2.8
Nickel 0.19 0.50 2.7



PMPM2.52.5 metals at BH & GT vs. TSP metals metals at BH & GT vs. TSP metals 
at other four sitesat other four sites



Comparisons of collocated PMComparisons of collocated PM2.52.5 and TSP and TSP 
samples at Maple Leaf (ML)samples at Maple Leaf (ML)

�� Collocated PMCollocated PM2.52.5 and TSP samplers at ML, and TSP samplers at ML, 
Aug 2001 to Jan 2002Aug 2001 to Jan 2002

�� PMPM2.52.5 samples: 1 ftsamples: 1 ft33/min, 47/min, 47--mm Teflon mm Teflon 
filter, analyzed with XRFfilter, analyzed with XRF

�� TSP samples: 40 ftTSP samples: 40 ft33/min, 8”x10” quartz /min, 8”x10” quartz 
filter, part extracted and analyzed with ICPfilter, part extracted and analyzed with ICP--
MSMS



TSP vs. PMTSP vs. PM2.52.5 mass concentrationsmass concentrations

µg/m3



AsAs2.52.5 vs. vs. AsAsTSPTSP

DLXRFDLICPMS

ng/m3



CdCd2.52.5 vs. vs. CdCdTSPTSP

DLXRF

DLICPMS

ng/m3



CrCr2.52.5 vs. vs. CrCrTSPTSP

DLXRFDLICPMS

ng/m3



MnMn2.52.5 vs. vs. MnMnTSPTSP

DLXRFDLICPMS

ng/m3



NiNi2.52.5 vs. vs. NiNiTSPTSP

DLICPMS
DLXRF

ng/m3



PbPb2.52.5 vs. vs. PbPbTSPTSP

DLICPMS
DLXRF



Quality ControlQuality Control

�� XRF and ICPXRF and ICP--MS results are not comparable.MS results are not comparable.
1.1. PM mass concentrations are less reliable for quartz PM mass concentrations are less reliable for quartz 

than for Teflon filtersthan for Teflon filters
2.2. Some analytical issues (recovery and digestion) Some analytical issues (recovery and digestion) 

related to ICPrelated to ICP--MS analysis of quartz filtersMS analysis of quartz filters
3.3. Detection limits are much higher for XRFDetection limits are much higher for XRF
4.4. Many metal concentrations are below the limit of Many metal concentrations are below the limit of 

detection for XRF, esp. detection for XRF, esp. CdCd, Cr, and As., Cr, and As.
5.5. The ratio of PMThe ratio of PM2.52.5 to TSP is not constant.  This holds to TSP is not constant.  This holds 

true to individual metal components.true to individual metal components.

�� Data analysis on metals was thus performed Data analysis on metals was thus performed 
separately for BH/GT and the other sites.separately for BH/GT and the other sites.



Data AnalysisData Analysis



Temporal and Spatial VariationsTemporal and Spatial Variations

�� Use ANOVA to examine the spatial pattern of Use ANOVA to examine the spatial pattern of 
metals and VOCs.metals and VOCs.
–– Are Are HAPsHAPs at some sites are much higher than other at some sites are much higher than other 

sites?sites?

�� Use GLM to test for both temporal and spatial Use GLM to test for both temporal and spatial 
variations.variations.
–– Is space/site more important than season (or vice versa) Is space/site more important than season (or vice versa) 

in terms of the total variation in in terms of the total variation in HAPsHAPs measurements?measurements?

�� Use PCA to test for groups of Use PCA to test for groups of HAPsHAPs that behave that behave 
similarly (spatially and temporally)similarly (spatially and temporally)



Analysis of Variance (ANOVA)Analysis of Variance (ANOVA)
Site EffectSite Effect

�� Log(ConcLog(Concijij) = ) = µµ + + SiteSitejj + + εεijij

Where Where µµ is the overall mean,is the overall mean,
εεijij is the residue error, andis the residue error, and

�� SiteSitejj is the spatial (site) effect:is the spatial (site) effect:
–– VOCs: j=1VOCs: j=1--6 sites6 sites
–– Metals: j=1Metals: j=1--4 sites4 sites

(Analysis results from PM(Analysis results from PM2.52.5 XRF vs. TSP ICPXRF vs. TSP ICP--
MS are not comparable.)MS are not comparable.)



ANOVA test of SitesANOVA test of Sites

Hypothesis (Ho):

For Metals

Ho: µLF= µLS = µML = µST

HA: µLF, µLS, µML, µST are 
not all equal



Multiple Comparison between SitesMultiple Comparison between Sites
Scheffe’sScheffe’s method : Metalsmethod : Metals

Arsenic LF >  LS , ML, S T
Beryllium LS , S T >  ML
Cadmium

Chromium S T >  LS , ML
Lead LF >  LS

Manganese

Nickel ML, S T >  LF, LS



Multiple Comparison between SitesMultiple Comparison between Sites
Scheffe’sScheffe’s method : VOCsmethod : VOCs

Acetaldehyde
Benzene LF > ST
Butadiene
Carbon_Tetrachloride
Chloroform BH, ML > LS, ST, GT
Dichloromethane GT, LF, LS, ML > BH
Formaldehyde BH > LF, LS
Tetrachloroethylene LF, GT > BH, LS, ST
Trichloroethylene GT > BH, LF, LS, ML, ST

(BH, ML > LS)



General Linear ModelGeneral Linear Model

�� Log(ConcLog(Concijij) = ) = µµ + + SeasonSeasonii + + SiteSitejj + + εεijij

�� Season: Season: ii=1=1--44
–– Season 1: spring (March, April, May 2001)Season 1: spring (March, April, May 2001)
–– Season 2: summerSeason 2: summer
–– Season 3: fallSeason 3: fall
–– Season 4: winterSeason 4: winter

�� Site: Site: jj=1=1--4 or 64 or 6
–– VOCs: 6 sitesVOCs: 6 sites
–– Metals: 4 sitesMetals: 4 sites

(to avoid issues regarding PM(to avoid issues regarding PM2.52.5 XRF vs. TSP ICPXRF vs. TSP ICP--MS MS 
results)results)



VOCs (6 sites)VOCs (6 sites)
Site effect

Season effect

Fraction of total variance



Chloroform Chloroform 
(site effect vs. season effect)(site effect vs. season effect)



Metals (4 sites)Metals (4 sites)
Site effect

Season effect

Fraction of total variance



Cr (site effect vs. season effect)Cr (site effect vs. season effect)



Principle Component Analysis Principle Component Analysis 
(PCA)(PCA)

�� Calculate the PC as a liner combination of the Calculate the PC as a liner combination of the 
original variablesoriginal variables
–– PC = [eigenvector] * [concentration]PC = [eigenvector] * [concentration]
–– PCs are uncorrelatedPCs are uncorrelated
–– PC1 accounts for as much of the variability in the data PC1 accounts for as much of the variability in the data 

as possibleas possible

�� PCA was run for all PCA was run for all HAPsHAPs in 4 seasons and only 4 in 4 seasons and only 4 
locationslocations

�� PCA was run again for VOCs only in 4 seasons PCA was run again for VOCs only in 4 seasons 
and all 6 locationsand all 6 locations



Eigenvectors for PC1Eigenvectors for PC1
4 locations, 4 Seasons, All 4 locations, 4 Seasons, All HAPsHAPs

(Mix)



Eigenvectors for PC2Eigenvectors for PC2
4 locations, 4 Seasons, All 4 locations, 4 Seasons, All HAPsHAPs

(Average)



Eigenvector plot Eigenvector plot 
((4 locations, 4 Seasons, All 4 locations, 4 Seasons, All HAPsHAPs))



PCA (4 locations, 4 Seasons, All PCA (4 locations, 4 Seasons, All HAPsHAPs))

�� Principal componentsPrincipal components
PC1: mix (of sources)PC1: mix (of sources)
PC2: average (concentrations)PC2: average (concentrations)

�� Season effectSeason effect
–– Seasons 1& 2 (spring and Seasons 1& 2 (spring and 

summer) are comparable summer) are comparable 
for PC1 and PC2for PC1 and PC2

–– Seasons 3 & 4 are different Seasons 3 & 4 are different 
for PC2for PC2

�� Lake Forest ParkLake Forest Park
–– LF3 has High Average LF3 has High Average 

(PC2) and a unique Mix (PC2) and a unique Mix 
(PC1)(PC1)

»» Wood smoke ? (see Wood smoke ? (see 
previous slide)previous slide)

–– Excluding all LF, Excluding all LF, STST has has 
high Average (PC2) high Average (PC2) withinwithin
each season (except season each season (except season 
4 4 -- winter)winter)

Mix (35.4%)

A
ve

ra
ge

 (2
7.

7%
)



Eigenvectors for PC1Eigenvectors for PC1
(6 Locations, 4 seasons, VOCs only)(6 Locations, 4 seasons, VOCs only)

(Average)



Eigenvectors for PC2Eigenvectors for PC2
6 locations, 4 seasons, VOCs only6 locations, 4 seasons, VOCs only

(Mix)



Eigenvector plotEigenvector plot
6 locations, VOCs only6 locations, VOCs only



PCA (6 locations/VOCs only)PCA (6 locations/VOCs only)
�� Principal componentsPrincipal components

PC1: average (conc.)PC1: average (conc.)
PC2: mix (of sources)PC2: mix (of sources)

�� Season effectSeason effect
–– Seasons 3&4 (fall and Seasons 3&4 (fall and 

winter) are comparable for winter) are comparable for 
PC1 and PC2PC1 and PC2

�� Lake Forest ParkLake Forest Park
–– LF3 has high average and LF3 has high average and 

unique mixunique mix
–– Excluding LF, GT(1,3,4) Excluding LF, GT(1,3,4) 

has high ahas high averageverage

Average (30.4%)

M
ix

 (2
6.

2%
)



Ambient Concentrations: ConclusionsAmbient Concentrations: Conclusions

�� HAPsHAPs exhibits temporal and spatial variability in the exhibits temporal and spatial variability in the 
Seattle areaSeattle area
–– Greater seasonal variation than spatial variation Greater seasonal variation than spatial variation 

–– Most Most HAPsHAPs show significant spatial variation, with the show significant spatial variation, with the 
exception  of manganese, acetaldehyde, butadiene, and exception  of manganese, acetaldehyde, butadiene, and 
carbon tetrachloridecarbon tetrachloride

–– Lake Forest Park (LF) in Fall is significantly different Lake Forest Park (LF) in Fall is significantly different 
from other sites (it’s arsenic rich)from other sites (it’s arsenic rich)

–– In the “4 locations/all In the “4 locations/all HAPsHAPs” analysis” analysis: ST has higher : ST has higher 
average average HAPsHAPs values than LS and ML, after excluding values than LS and ML, after excluding 
LF.LF.

–– In the “all locations/ VOCs only” analysisIn the “all locations/ VOCs only” analysis: GT has the : GT has the 
highest VOCs among all sites in all seasons, except for highest VOCs among all sites in all seasons, except for 
fall when LF prevails.fall when LF prevails.



Risk AssessmentRisk Assessment



Cancer Risk AssessmentCancer Risk Assessment

�� Cancer Risk = Exposure * ToxicityCancer Risk = Exposure * Toxicity
–– Exposure: annual average (Exposure: annual average (µµg/mg/m33))
–– Toxicity: unit risk (per Toxicity: unit risk (per µµg/mg/m33))

»» IRISIRIS
»» NATANATA
»» CalEPACalEPA



Unit RiskUnit Risk
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Cancer Risk: ArsenicCancer Risk: Arsenic



Cancer Risk: BenzeneCancer Risk: Benzene



Cancer Risk Cancer Risk -- ContinuedContinued

�� The conclusions from the ANOVA model The conclusions from the ANOVA model 
for ambient concentrations are applicable to for ambient concentrations are applicable to 
the cancer risksthe cancer risks
–– Because cancer risk is a linear function of Because cancer risk is a linear function of 

ConcentrationsConcentrations

�� Interested in the “SUM” of cancer risks Interested in the “SUM” of cancer risks 
from measured from measured HAPsHAPs at individual sitesat individual sites



Sum of Cancer Risk by SiteSum of Cancer Risk by Site
Sum of Cancer Risks from sampled HAPs Sum of Cancer Risks from sampled NonMetals

(Metals at BH & GT were analyzed on PM2.5 w/ XRF)

Metals and VOCs VOCs



Abbreviation in Pie ChartAbbreviation in Pie Chart
As Arsenic
Be Beryllium
Cd Cadmium
Cr Chromium
Pb Lead
Mn Manganese
Ni Nickel

Acet Acetaldehyde
Benz Benzene
Buta Butadiene
CTeCl Carbon_Tetrachloride
Chlo Chloroform
DCM Dichloromethane
Form Formaldehyde
TeCE Tetrachloroethylene
TCE Trichloroethylene



Contribution of cancer risks from VOCs and MetalsContribution of cancer risks from VOCs and Metals

LS

LF ML

ST



BH GT

ML

LF

STLS

Contribution of cancer risks for VOCs onlyContribution of cancer risks for VOCs only



NonNon--Cancer Risk AssessmentCancer Risk Assessment

�� Hazard Index = Exposure / ToxicityHazard Index = Exposure / Toxicity
–– Exposure: annual average (Exposure: annual average (µµg/mg/m33))
–– Toxicity, or reference concentration (Toxicity, or reference concentration (µµg/mg/m33))

»» IRISIRIS
»» NATANATA
»» CalEPACalEPA



Reference Concentration (Toxicity)Reference Concentration (Toxicity)
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Hazard Index Hazard Index -- continuedcontinued

�� The conclusions from the ANOVA model The conclusions from the ANOVA model 
for ambient concentrations are applicable to for ambient concentrations are applicable to 
the hazard indicesthe hazard indices
–– Because Hazard Index is a linear function of Because Hazard Index is a linear function of 

ConcentrationsConcentrations

�� Interested in the “SUM” of hazard indices Interested in the “SUM” of hazard indices 
from measured from measured HAPsHAPs at individual sitesat individual sites



Hazard Index (SUM)Hazard Index (SUM)

Sum of Hazard Indices from sampled HAPs Sum of Hazard Indices from sampled NonMetals

(Metals at BH & GT were analyzed on PM2.5 w/ XRF)

Metals and VOCs VOCs



Contribution of nonContribution of non--cancer risks from VOCs and Metalscancer risks from VOCs and Metals

LS

LF ML

ST



BH GT

ML

LF

STLS

Contribution of nonContribution of non--cancer risks for VOCs onlycancer risks for VOCs only



ConclusionsConclusions

�� Sum of cancer risks is higher than 1x10Sum of cancer risks is higher than 1x10--66 for for 
all sitesall sites
–– Beacon Hill and Georgetown may be higher Beacon Hill and Georgetown may be higher 

than othersthan others
–– Highest contributions from Formaldehyde, Highest contributions from Formaldehyde, 

Benzene, Carbon tetrachlorideBenzene, Carbon tetrachloride
�� Sum of nonSum of non--cancer risks is <1 for all sitescancer risks is <1 for all sites

–– GT may be higher than LS, ML, and LFGT may be higher than LS, ML, and LF
–– Highest contributions from Formaldehyde, Highest contributions from Formaldehyde, 

Acetaldehyde, Benzene, ManganeseAcetaldehyde, Benzene, Manganese



LimitationsLimitations

�� Spatial and temporal variation analysisSpatial and temporal variation analysis
–– Compatibility issues of metal data from PMCompatibility issues of metal data from PM2.52.5 and TSPand TSP
–– Limited number of sites (6Limited number of sites (6→→4) and monitoring 4) and monitoring 

duration.  Due to the duration.  Due to the incompatabilityincompatability issues for metals issues for metals 
measurements, GT and BH had to be removed from measurements, GT and BH had to be removed from 
metal analysis.metal analysis.

–– Location of sitesLocation of sites

�� Risk AssessmentRisk Assessment
–– Still need to determine uncertainties from measurement Still need to determine uncertainties from measurement 

errors, spatial and temporal variations, and cancer errors, spatial and temporal variations, and cancer 
potencies/toxicitypotencies/toxicity

–– Not population based (yet)Not population based (yet)


